We retrospectively reviewed the cases of 146 patients with primary or recurrent meningiomas and no neurofi- Object. Although generally they are well-circumscribed benign tumors, meningiomas recur even after complete removal. The aims of this study are to identify preoperatively groups of patients who have a high risk of meningioma recurrence by reviewing their clinicoradiological features and to plan appropriate treatments.
ENINGIOMAS often recur after seemingly complete removal, 1, 5, 8, 14, 28, 29, 33, 36 although they grow slowly in general and appear to be well circumscribed. Recurrence has been estimated to occur in 9 to 15% of benign meningiomas within 10 years after total removal. 14, 20 Atypical and anaplastic meningiomas reportedly have higher recurrence rates, 38% and 78% respectively, within 5 years after complete removal. 16 Recurrences have often been attributed to incomplete tumor removal and the histological aggressiveness of the tumor; atypical or anaplastic meningiomas invade normal surrounding structures and microscopic remnants of tumor cells that may have been inadvertently left behind at surgery grow rapidly. Another hypothesis is that recurrences are caused by regional multicentricity. 6 Considering these etiological factors, a wide resection of dura around the site of tumor attachment is recommended to reduce the rate of recurrence. 7, 17 However, extensive dural excision is not always necessary because most benign meningiomas do not recur. Even if there is a microscopic remnant, a very slow-growing tumor might not cause symptomatic recurrence during a patientÕs lifetime. Furthermore, an extensive procedure requires a wider craniotomy and a large dural substitute and may cause neurological deficits, depending on tumor location or size. Preoperative identification of high-risk groups for recurrence is therefore mandatory.
For the prediction of tumor recurrence, several authors have attempted to identify histologically malignant meningiomas based on their neuroradiological appearance 9, 26, 31 and have been partly successful. However, risk factors for recurrence in cases of benign meningiomas are not well understood, except for the degree of tumor removal. 1, 14, 20, 33 Grading systems coordinating histological features of tumors with high tumor recurrence rates have been advocated, but these have varied with time and are still under debate. 28 Nevertheless, a direct comparison between a tumorÕs recurrence and its radiological features has not yet been attempted. Meningiomas with specific clinicoradiological features have a high proliferative potential and are expected to grow rapidly. 21 Such tumors may also exhibit high recurrence rates. We compared preoperative clinicoradiological features of recurrent meningiomas with those of nonrecurrent ones to find highrisk factors for recurrence. Another aim of this study was to devise a strategy for treating meningiomas, in part, through investigating their recurrence patterns by using imaging studies. bromatosis who were treated at our university hospital from 1980 to 1995. Patients were included in the study if they had no residual tumor on computerized tomography (CT) or magnetic resonance (MR) images immediately after their initial operation (Simpson Grade I, II, and III) and were observed for at least 5 years after surgery or until tumor recurrence. Twenty-six of the 146 patients were excluded because of radiographic evidence of a residual tumor. Nineteen other patients were excluded because their follow-up period was less than 5 years. Two of these patients died perioperatively, five died of various diseases within 5 years with no evidence of tumor recurrence, one was lost to follow-up review, and the other 11 patients did not have a recurrence within the follow-up period. In five patients who each had two meningiomas, only the larger tumors were included.
Groups of Patients and Tumors
A total of 101 patients met the inclusion criteria. One of these patients underwent initial surgery in another hospital and was referred to us for treatment of a recurrent tumor. Patient age at the initial surgery, patient gender, and Simpson grade were recorded. Patients were classified into two groups according to their ages: one group composed of patients younger than 55 years and another group composed of patients 55 years or older. Radiological examinations, including skull x-ray films, CT scans, and MR images, were reviewed. Special attention was paid to tumor extension: shape and size, tumorÐbrain interface, bone change, and existence of a Òdural tailÓ on enhanced MR images. 3, 10, 18, 34, 35 Tumor shapes were categorized as round (Fig. 1A) , lobulated (Fig. 1B) , and ÒmushroomingÓ (Fig. 1C) . The round tumors had smoothly curved surfaces pushing against the brain. The lobulated tumors had nodular surfaces pushing against the brain; lobulation caused by dural or bony structures was excluded from the lobulated type. Mushrooming tumors were defined as having a prominent pannus extending over the cerebral surface from the globoid portion of the tumor. 26 The brainÐtumor interface was categorized as clear (that is, there was an apparent signal intensity change or a distinct rim between the brain and tumor) or unclear on noncontrast-enhanced MR images. The latter often indicates brain invasion by tumor. 23 The tumors were subgrouped according to their location; parasagittal, falx, convexity, anterior fossa, middle fossa, and posterior fossa (including tentorial tumors). They were also divided into groups according to their proximity to a major sinus: a near-majorsinus (NS) group and a distant-from-major-sinus (DS) group. The former group included tumors whose attachment margin was located within 1 cm of the major sinuses (sagittal, transverse, sigmoid, and cavernous sinuses). The size of the tumors was calculated as a mean diameter and categorized as large (Ͼ 4 cm) or small (² 4 cm). The presence of calcification and edema was also recorded because these factors are thought to relate to tumor proliferation. 13, 21 Calcification of the tumor was classified into none, focal, and diffuse calcification. Edema was classified as present or absent.
Surgical Approach
The surgical approach depended on the location and size of the lesion. We usually resected the dura 5 to 10 mm from the site of attachment in a Simpson Grade I removal. Wide resection of the dura (Grade 0 removal) 7, 17 was not performed in any of our cases. However, we often removed the area of the dura that exhibited Òtail signsÓ on MR images. An overlying convexity bone flap was autoclaved or replaced with a resin flap. In skull base tumors, hyperostotic bone was sometimes removed by drilling, but was usually only coagulated with electrocautery. One patient underwent adjuvant radiation therapy for an anaplastic meningioma (Case 9 in Table 1 ).
Tumor Classifications
Recurrent patterns of meningiomas were classified into three types: local recurrence (appearing at the same location as the initial tumor); peripheral recurrence (appearing at the dura adjacent to the site of tumor attachment, which had been removed or coagulated); or distant recurrence (³ 4 cm away from the original tumor).
Tumors were classified as benign, atypical, or anaplastic according to the grading system proposed by JŠŠ-skelŠinen, et al. 16 Surgical specimens were assessed using MIB-1 immunohistochemical analysis in all but preoperatively embolized tumors because embolization alters the proliferation potential of meningiomas. 22 Details on the immunohistochemical technique are described elsewhere. 21 Briefly, antigen retrieval of deparaffinized sections was performed in a microwave oven with a citrate buffer, pH 6. After incubation with the MIB-1 antibody (1:50 dilution; Immunotech, Marseille, France), a kit was used (LSAB kit; Dako Corp., Carpinteria, CA). The MIB-1 staining index (SI) was calculated as a percentage of MIB-1Ðpositive cells in more than 2000 tumor cells from randomly selected fields. 
Clinical Follow Up
Patients were examined in the outpatient clinic of our institute or affiliated hospitals. When patients had not visited us for 2 years, we interviewed them by phone or mail. Nine of the 101 patients died without evidence of recurrence (62Ð168 months after the operation). Seven patients with recurrent symptoms underwent CT or MR imaging. Late follow-up images were also obtained in asymptomatic patients: 18 patients within 5 years and 51 patients 5 years or more following the initial surgery. The other 16 patients did not undergo radiological follow-up examinations after discharge, but were free from recurrent symptoms or signs.
Statistical Analysis
Recurrence-free rates were estimated using the KaplanÐMeier method. CoxÐMantel tests were used to compare recurrence-free survival time distributions in different subgroups. Multivariate analysis was performed using the Cox proportional hazards model. In multivariate analysis, patient gender and age (younger compared with older group), Simpson grade, location of the tumor (NS group or DS group), existence of edema and calcification, size of the tumors (large or small), and shape of the tumors were assessed. Bone change, tumor margins, and the existence of dural tails could not be evaluated because these variables lacked a sufficient amount of data for multivariate analysis.
Results

Clinical Findings
Of the 101 patients in the study, one had anaplastic, eight had atypical, and 92 had benign meningiomas. There were 29 males and 72 females in the study with a mean age of 56.6 years (range 6Ð80 years). Eighty-four of the patients had no recurrent symptoms or radiological evidence of recurrence (median follow-up period 116 months, range 60Ð211 months). Recurrent meningioma was diagnosed in 17 patients (Tables 1 and 2 ). Seven of these patients were symptomatic and underwent surgery a second time from 10 to 121 months after the initial operation. Two asymptomatic patients (Cases 7 and 17) underwent a second operation 3 months and 10 years, respectively, after their initial operations. One of these patients (Case 7) subsequently developed multiple recurrences in
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Likelihood of meningioma recurrence 457 distant areas 8 months, 10 months, and 15 months after the second operation. The remaining eight patients had small asymptomatic tumors (Ͻ 2 cm in diameter) and have been observed without undergoing surgical treatment. These patients received the diagnosis 30 to 140 months after their initial operations. The asymptomatic cases included two patients (Cases 16 and 17) who developed small tumors in the contralateral convexity 9 years and 10 years, respectively, after they had undergone a Simpson Grade I removal of convexity meningiomas. These tumors were unlikely to be true recurrences; we excluded them from the statistical analyses and they are discussed separately. Statistical results were summarized in Table 3 . Patient gender and age were not significant factors. The mean MIB-1 SI was significantly higher in the recurrent tumor group (3 Ϯ 1.7%) than in the nonrecurrent tumor group (1.1 Ϯ 0.62%; p = 0.0001, MannÐWhitney U-test [not cited in Table 3] ).
Radiological Features and Recurrence
The size and location of the tumors had a significant relationship to the recurrences. Recurrent tumors had larger mean diameters (4.4 Ϯ 1.4 cm) than nonrecurrent tumors (3.5 Ϯ 1.5 cm; p = 0.014, MannÐWhitney U-test). The large tumor group showed significantly shorter recurrence-free survival times than the small tumor group (p = 0.03, MannÐWhitney U-test). Although specific tumor locations did not relate to recurrences, patients in the NS group were more likely to experience recurrence than those in the DS group (p = 0.03).
Tumors with either focal or diffuse calcification never recurred, whereas 15 of 72 noncalcified tumors recurred (Tables 2 and 3 ). This difference was significant (p = 0.01). Tumors with edema also showed a higher recurrence rate (23.1%) than those without edema (6.4%; p = 0.02).
The shape of the tumor had a significant association with recurrence. All three tumors with mushrooming shapes (Fig. 2) , seven of the 22 lobulated tumors (Fig. 3) , and five of the 74 round tumors (Fig. 4) recurred. There was no significant difference in Simpson grade in these three groups (p = 0.87, chi-square test). Statistical analysis showed a significant difference in the recurrence-free rates among these three groups (p Ͻ 0.001, Fig. 5 ). The median interval for recurrence was 10 months for mushrooming tumors, 82 months for lobulated ones, and 111 months for round ones. There were two asymptomatic patients with mushrooming tumors, three with lobulated tumors, and three with round tumors. The two symptomatic recurrent tumors with round shapes demonstrated other risk factors: one showed osteolytic change in the bone and soft-tissue mass (Case 14) and the other exhibited an ambiguous brainÐtumor interface on MR images (Case 6). Round tumors that were not accompanied by other risk factors did not recur after Simpson Grade I removal during the median follow-up period of 107 months (range 60Ð216 months).
Radiological findings that indicated tumor invasion of surrounding structures had an association with recurrence. The brainÐtumor interface was evaluated in 61 patients. Three of five meningiomas with unclear margins recurred, in contrast to five of 56 tumors with clear margins. The difference in the recurrence-free rate was statistically significant (p = 0.002). Seventy-six tumors were located adjacent to the cranial bone: eight of 39 tumors without bone change recurred; one of 33 tumors with hyperostosis (mostly endostosis) recurred only once; and two of four osteolytic tumors recurred more than twice. Osteolytic tumors showed the highest recurrence rate, but the number was too small for statistical analysis. Hyperostotic tumors exhibited significantly lower incidences of recurrence than other tumors (p Ͻ 0.04).
The existence of dural tails did not significantly affect the recurrence rate. Contrast-enhanced MR imaging was performed in 42 patients. Five of 22 meningiomas with dural tail signs recurred, whereas only one in 20 tumors without tails recurred (p = 0.1). In four patients who had undergone Simpson Grade I removal, one experienced recurrence in the area of the previously unresected dural tail and three had recurrences possibly originating from the edge of the dural tail. The other recurrent meningioma grew without attachment to the dura. The MIB-1 SIs in tumors with dural tails did not differ from those in tumors without dural tails (1.7 Ϯ 1.7% compared with 1.2 Ϯ 0.8%; p = 0.87, MannÐWhitney U-test).
Multivariate Analysis
Multivariate analysis yielded only one significant factor for recurrence. Shape was shown to be significantly related to recurrence-free survival (p Ͻ 0.001), but the other parameters were not. Even Simpson grade did not reach significance (p Ͻ 0.1). Calcification did not have a significant relationship, probably because mushrooming or lobulated tumors rarely displayed calcification.
Recurrence Pattern
Local recurrence was found in nine patients (Table 1 ; Figs. 2 and 4) . Six of these patients had undergone Simpson Grade II or III removal and three had undergone Grade I operations. In the last three cases, one tumor did not have any dural attachment at recurrence (Fig. 2) and two other meningiomas invaded the dural patch. In seven cases, the recurrent tumors were attached adjacent to the dural incision and within 4 cm of the edge of the first dural attachment (peripheral recurrence, Fig 3) . One patient (Case 7) subsequently exhibited multiple recurrences at remote sites from the original tumor attachment. Three patients had multiple nodules at the first recurrence (Cases 2Ð4). Of note, 10 of 11 recurrent tumors in the NS group were located on major venous sinuses. Three high-convexity meningiomas and one falx meningioma recurred in the parasagittal region (Fig. 3) . The other six recurred locally on the sagittal, cavernous, or transverse sinus after the patients had undergone Simpson Grade II or III operations. Recurrent tumors sometimes lost their previous mushrooming or lobulated shapes and exhibited round shapes.
In cases in which a second operation was required, the recurrent tumors had the same histological features as that found at the first surgery, except in Case 7 in which the tumor demonstrated an anaplastic change. Most of the MIB-1 SIs in the recurrent tumors were similar to the original (Table 1) . Only tumors with mushrooming shapes exhibited significantly higher MIB-1 SIs (Cases 1 and 7) at recurrence.
Discussion
This study has revealed that several radiological features may be useful for predicting recurrence of meningiomas. Univariate analyses showed that the tumorÕs size, location (NS or DS), and shape; presence of calcification or edema; bone change; and brainÐtumor interface on MR imaging were significant factors, whereas multivariate analysis demonstrated that only the shape of the tumor was related to the recurrence.
Clinical Factors Affecting Recurrence
It has been reported in several studies that males have more recurrences, 1, 11, 19, 28 although this was not clear in this or other studies. 4, 5, 16, 20 The conflicting results appear to mean gender may be a significant factor, but not a major one for recurrence. Males more frequently have atypical
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Likelihood of meningioma recurrence or anaplastic meningiomas; 2, 16, 19, 28 the rates at which these meningiomas occur are 12 to 25% for males in contrast to 4 to 10% for females. 16, 28 When analyzing benign and malignant meningiomas separately, Mahmood and colleagues 19 showed that gender was not a significant factor for recurrence.
Perry and colleagues 28 found that development of tumors in patients at a young age (Ͻ 40 years) was associated with a higher likelihood of recurrence, but most studies, including ours, found no significant difference. 1, 4, 20 JŠŠskelŠinen and associates 16 found no age differences among patients who have benign, atypical, or anaplastic meningiomas. Younger patients are expected to live longer and may have recurrences later, if they are observed for a considerably longer period.
Radiological Factors Affecting Recurrence
New, et al., 26 have reported that ÒmushroomingÓ is a significant prognostic sign on CT scans for clinical and histological malignancy. They stated that three of six cases with mushrooming recurred within 2 years and the other three had no recurrence at 6, 12, and 19 months, respectively, after surgery. In contrast with other supporting reports, 2, 16 Servo and coworkers 31 observed mushrooming in 9% of benign meningiomas and concluded that they could not distinguish malignant meningiomas from benign ones. Most of the benign meningiomas with a mushroom shape in their study were en plaque tumors with bone thickening. 31 Therefore, it appears possible to distinguish malignant tumors by excluding en plaque meningiomas.
In addition to mushrooming, we found that lobulated tumors recurred more often than round ones. These results are concordant with those from our previous study in which lobulated tumors had significantly higher proliferating indices than round ones. 21 Meningiomas with a high proliferative potential tend to exhibit highly heterogeneous distributions of proliferating cells in the tumor. 32 We suspect that this heterogeneity may produce irregular shapes rather than round ones.
The round tumors in our study recurred less often than others. Only one round meningioma recurred after Simpson Grade I removal. Magnetic resonance imaging (see Fig. 5 of our previous study 23 ) demonstrated an ambiguous tumorÐbrain interface associated with histological evidence of brain invasion in this case. Another round tumor, which recurred 5 years after Simpson Grade III removal, exhibited osteolytic change by forming a subcutaneous mass, a hallmark of an aggressive meningioma. 37 The present data suggest that vigorous treatment is necessary, even for round tumors, if they show any sign of aggressiveness such as invasion into surrounding structures.
Atypical and anaplastic meningiomas usually show peritumoral edema but not calcification. 13, 16, 26, 38 However, this is not always true. Malignant meningiomas without peritumoral edema and those with calcification have been reported. 2, 31 We experienced three recurrences in meningiomas without edema but no recurrence in meningiomas with calcification. Although these factors should be taken into account in combination with other features, we assume that the presence of calcification may be an important predictor for nonrecurrence.
There was considerable overlap in the distribution in tumor size, although recurrent meningiomas were significantly larger than nonrecurrent ones. Therefore, no tumor size guideline for recurrence was indicated. The difference may reflect a higher mean MIB-1 SI in large tumors. 21 Alternatively, the distance of tumor infiltration may vary depending on the size of the tumors. Borovich, et al., 7 recommended removal of dura 4 cm around the site at which the tumor is attached, and Kinjo, et al., 17 performed resections in which they removed dura 2 cm around the attachment. In this study tumors in the NS group were more likely to recur. This may mean that removal of dura less than 1 cm around the tumors is not sufficient. Further study is necessary to determine the extent of dural resection.
Osteolytic tumors are known to behave aggressively, 37 as was seen in the present study. On the contrary, tumors associated with hyperostosis rarely recurred in this study, although it is reported that hyperostosis often means tumor invasion into bone. 27 In most cases in this series, the hyperostosis was really only endostosis and the hyperostotic bone was removed completely in a higher percentage (68.7%) of cases than in other subgroups (59%). Alvarez, et al., 2 reported rare occurrences of hyperostosis in nonbenign meningiomas.
We could not find a significant relationship between tumor recurrence and the existence of dural tails on MR images. This may be partly due to the relatively short follow-up period in such cases. Gadolinium enhancement on MR imaging has been used since the end of 1989. Another explanation was our policy to remove the area of dural enhancement, although controversy still exists concerning whether the dural tail contains tumor cells. Larson and colleagues 18 found meningotheliomatous cell infiltration into the dural tail in two cases. Nakau, et al., 25 found tumor cells in the dural tails of five of nine meningiomas that had dural tails. Tokumaru and associates 34 detected no neoplastic involvement in the enhanced dura. We have to be careful when assessing these findings; it has not been adequately demonstrated that these microscopic menin-gothelial cells are truly neoplastic and play a role in recurrence. Another point is that they may exist very frequently in the dura, even in cases without dural tails. Actually, Borovich and Doron 6 found either macroscopic nodules or microscopic intradural meningotheliomatous clusters within 4 cm from the attachment of meningiomas in all of their 14 consecutive patients. The detection of menigothelial cells in dural tails may depend on the observerÕs effort to examine the dura.
Cause and Pattern of Recurrence
Even if there are neoplastic cells in the unresected dura around a meningioma, they might not become symptomatic during the patientÕs lifetime. Volume doubling times in meningiomas vary significantly, approximately 0.5 to 20 years in benign cases. 12, 15, 24 If a meningotheliomatous cluster is 1 mm 3 in size and the tumor doubling time is 2 years, it will take approximately 20 years to produce a tumor mass that measures 1 cm 3 and another 10 years for that tumor to become symptomatic. The results of our study support this assumption: benign meningiomas rarely recurred after Simpson Grade I removal during a followup period that lasted 18 years at maximum. On the contrary, in tumors with relatively higher proliferative potential, recurrence most often takes place at the periphery of dural resection, as was seen in this and other studies.
8,29
Strategy for Treatment
A wide craniotomy with wide dural removal around the site of tumor attachment is recommended in tumors with mushrooming or lobulated shapes. However, aggressive treatment may be accompanied by a significant chance of morbidity in cases in which the tumor is located near a major sinus or the skull base. In such cases, resection of the dura must be limited to a safe area and the unresectable portion should be coagulated. Recurrence of aggressive meningiomas often produces multiple tumors. 8, 29 A strategy to leave a restricted area for possible recurrence is necessary.
Salcman 30 proposed that removal of the arachnoid membrane or underlying gliotic brain might be appropriate in cases in which anaplastic meningiomas are located in noneloquent area. Such vigorous surgery may be beneficial in treating mushrooming tumors. Radiation therapy might be considered for histologically confirmed anaplastic meningiomas, although the effects are still controversial. 2, 16, 19, 36, 38 Close radiological observation is mandatory for at least a 6-month interval after resecting mushrooming tumors.
In contrast, aggressive treatment is not routinely necessary for round meningiomas. Simpson Grade II or III removal is sufficient for elderly patients with a round meningioma, if a Grade I removal may cause a morbid state. However, these tumors should be removed with an extensive dural incision, if a tumor has other risk factors for recurrence such as bone destruction or ambiguous brainÐtumor interface. Aggressive treatment may be beneficial in younger patients, but we could not prove this, possibly because of the relatively short follow-up period. A long follow-up period of more than 20 years is necessary to be conclusive because round tumors are likely to recur later. Radiological follow up at 3-to 5-year intervals is appropriate. In this study we found that the incidence of increases in proliferative potential and that of unexpectedly early recurrence were low in cases of benign meningiomas.
Conclusions
The shape of a meningioma has a strong relationship to its recurrence. Tumors with mushrooming or lobulated shapes are more likely to recur than round tumors. Other factors, such as lack of calcification, presence of edema, large tumor size, proximity to a major sinus, characteristics of brainÐtumor interface, and bone change, may have some influence on tumor recurrences. Meningiomas with mushrooming or lobulated shapes should be treated aggressively with a wider dural removal because recurrence most often takes place on the edge of dural excisions. This is not usually necessary for round tumors.
